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Abstract 
The microkinetic of gas-solid Fischer-Tropsch synthesis on Fe–Cu–K–SiO2 catalyst was studied which was consisted 
of different elementary steps. The operation condition was in temperature of 523K, total pressures from 0.8 to 3.2 
MPa, space velocity from 0.5 to 2.0 ×10-3 Nm3kg-1s-1 and H2/CO inlet ratios from 0.5 to 2 mol/mol. Unity bond 
index-quadratic exponential (UBI-QEP) and transition state theory (TST) was used to calculate heats of adsorption 
and initial estimates of some of the kinetic parameters. The pre-exponential factors were calculated based on 
statistical thermodynamics. The accuracy of the UBI-QEP method in calculating the energetic of the elementary 
reactions on catalyst surface was acceptable. The calculated activation energies to produce n-alkanes and 1-alkenes 
were in range of 19.57 to 25.68 and 19.53 to 20.45 kcal/mol respectively. These values were used to obtain the 
product distributions. However the application of the microkinetic study with molecular approach can provide better 
insight to the analysis of the FTS reaction mechanism. 
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1. Introduction 
The Fischer-Tropsch synthesis (FTS) reaction converting CO and H2 into hydrocarbons has recently 
seen a resurgence of interest because of the unpredictable change in prices of oil. The FT synthesis on 
heterogeneous catalysts yielding hydrocarbons, carbon dioxide, and water has led to intensive research 
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ever since it was discovered by Fischer and Tropsch in 1923[1]. This heterogeneous reaction occurs overs 
must Group VIII metals, including iron, cobalt, nickel, and ruthenium. Iron-based catalysts are preferred 
in commercial operations for Fischer-Tropsch synthesis when using coal-derived CO rich syngas [2]. The 
Fischer-Tropsch synthesis reaction is a polymerization reaction with a wide range product distribution. 
Three different major mechanisms are proposed to describe these reactions. The carbide mechanism was 
proposed by Fischer and Tropsch in 1926. In this mechanism, adsorbed CO is dissociated to C and O, and 
then the carbide is hydrogenated to CHx monomers [3]. Various methods are used to study kinetics of 
Fischer-Tropsch synthesis in which some of elementary steps reaction are assumed as rate determinate 
steps and quasi-equilibrated. Recent advances in computational power and computational chemistry made 
it possible to calculate bond energies and activation energies of elementary reactions on catalytic surfaces. 
These theoretical calculations coupled with mechanistic studies provide a foundation for the development 
of more realistic reaction mechanisms. The role of quantum mechanics calculations is to either reduce the 
total number of kinetic parameters which need to be estimated from experimental data and to provide 
initial guesses for parameter estimation via nonlinear regression. This approach is referred to as 
microkinetic modeling. In “The Microkinetics of Heterogeneous Catalysis”, Dumesic et al. define 
microkinetic analysis as “the examination of catalytic reactions in terms of elementary chemical reactions 
that occur on the catalytic surface and their relation with each other during a catalytic cycle” [4]. In 
microkinetic study the actual rate of every elementary step by way of each reaction constants is 
calculated. A microkinetic model can in principle provide accurate insights into catalyst design and the 
role of promoters and support. 
The objectives of this work have been to calculate activation energies and rate constants for the 
elementary steps involved in the carbide mechanism. A basic understanding of the chemistry of the 
kinetically relevant steps in Fischer-Tropsch synthesis on iron catalyst will be gained by developing a 
microkinetic model that describes the reaction kinetics at the molecular level. 
2. Experimental Conditions 
Fischer-Tropsch experiments were carried out with a gas-continuous spinning basket reactor (SBR). 
The stainless steel reactor (VR = 0.285×10-3 m3, H = 0.086 m, DR = 0.065 m) had the catalyst particles 
placed in four baskets. The kinetics of the gas-solid FTS over a commercial Fe-Cu-K-SiO2 catalyst was 
studied in a continuous spinning basket reactor [5]. Experimental data obtained on Fe catalyst in 
temperature of 523K, space velocity from 0.5 to 2.0 ×10-3 Nm3kg-1s-1, total pressures from 0.8 to 3.2 MPa 
and H2/CO inlet ratios from 0.5 to 2 mol/mol. The catalyst applied was a commercial precipitated iron 
catalyst containing 74.3% Fe, 3.7% Cu, 3.1% K, and 18.6% SiO2. Details about the experimental setup 
and reaction conditions are reported elsewhere [5]. 
It is known that iron-based catalysts are difficult to model due to phase changes may occur [6]. Zhang 
and Schrader [7] reported that during Fischer–Tropsch synthesis two different types of active site operate 
concurrently on the surface of iron catalysts. They concluded that the carbon monoxide adsorbed on both 
carbide and oxide sides of catalyst but carbide phase just resulted in dissociation of carbon monoxide to 
start hydrocarbon forming reactions [8]. The composition of the catalyst surface after experimental 
procedure was approximately 54% for carbide phase and 46% for oxide phase and it is assumed that one 
carbon monoxide molecule is chemisorbed on one iron atoms, Considering the CO2 production reaction, 
the moles of iron atoms on the surface amount to 15.7mmol/g catalyst [9]. 
The microkinetic model present in this work is limited to the formation of hydrocarbons up to carbon 
number 5. The Fischer-Tropsch product spectrum consists of a complex multicomponent mixture of 
linear and branched hydrocarbons and oxygenated products [10]. The main products are linear alkanes 
and 1-alkenes and other component yields are added to that of the n-alkane and n-alkene.  
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3. Theoretical Studies 
3.1. Activation Energies 
The Unity Bond Index-Quadratic Exponential Potential Method (UBI-QEP) is a semi-empirical 
method which is described by Shustorovich and Sellers [11, 12]. This method is used to predict the 
activation energies in both the forward and reverse direction of each elementary step. Atomic heats of 
chemisorption and bond dissociation energies of the species are used to calculate molecular heats of 
chemisorption [4]. An adsorbed molecule can be weakly, strongly or intermediate bounded to the surface 
[11]. Therefore different equations are derived to calculate heat of adsorptions at zero coverage. The 
corresponding equations are given in Table 1. 
Where Q0A is the maximum metal-atom bond energy, QA and QB are the binding energies of atoms A 
and B at the sites that they occupy upon the dissociation, QAB is the binding energy of AB in the initial 
adsorbed state and DAB is the total gas-phase energy and/or the energy of the AB bond. More details of 
this method can be found in Shustorovich reports [12-16]. 
Table 1. Equations for calculating adsorbate heat of adsorption based on the UBI-QEP formalism [12-16]. 
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The coordination type of the adsorbate is indicated as Șnȝm where n and m indicates the number of 
atoms of the molecule which are bound to the surface and stands for the number of metal atoms involved 
in the bonding respectively. The equations are used for calculation of activation energies of each 
elementary reaction steps in this study are given in Table 2. 
The enthalpy of the surface dissociation reaction can be expressed as: 
 
¨Hr=Db - Df + Qr - Qp  (7) 
Where Db and Df are the binding energies for the bonds that are broken and formed, respectively; Qr and 
Qp are the heats of chemisorption for the reactants and products, respectively. The activation energy of 
the reverse reaction ( E
HJ
) can be determined from the relationship between the reaction enthalpy and the 
activation energy of the forward reaction ( E
JG
). This relationship is used to satisfy the thermodynamic 
consistency of each elementary reaction [17-18]. 
Table 2. Equations for calculating activation energies for surface reactions based on the UBI-QEP formalism [12, 14] 
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3.2. Pre-exponential Factors 
The Transition State Theory (TST) is used to predict the pre-exponential factors for each elementary 
step while is assumed an immobile transition state. The prediction of the pre-exponential factors is based 
on transition-state theory (TST). These values are estimated by Dumesic, et al. [4].  
For a reaction A* + B* ļ ABĮė C* + D* the forward rate constant for formation of the activated complex 
in which k0, AB = pre-exponential factor, is given by 
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B
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Where E = Activation energy, kB = Boltzmann constant and, T = temperature. The pre-exponential factors 
are estimated using the conventional transition state theory. As shown in Table 3, an immobile transition 
state without rotation are assumed for all of the species that leads to a pre-exponential factor of 101 Pa-1s-1 
for adsorption/desorption reactions and 1013 s-1 for surface reactions [17-21]. Dumesic, et al. described 
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more detailed examination of the transition state theory which is applied to estimate the pre-exponential 
factor for several other types of reactions [4].  
4. Microkinetic Model 
4.1. Reaction Mechanism 
The composition of iron-based catalysts changes during Fischer–Tropsch synthesis [7, 10]. As 
mentioned earlier, the previous studies concluded that two active sites operate simultaneously on the 
surface of iron catalysts, carbide phase for Fischer-Tropsch reaction and oxide phase for water-gas shift 
reaction. Several authors have reviewed and discussed the mechanism of the hydrocarbon formation 
during the Fischer-Tropsch synthesis on iron catalysts. The most popular mechanism to produce lower 
hydrocarbon in FTS is “carbide” mechanism. In this mechanism, H2 adsorbs dissociatively and CO 
adsorbs on both carbide and oxide catalyst surfaces just molecularly and dissociative adsorption is 
assumed negligible. All reactions are considered as reversible. Adsorbed CO molecules are dissociated to 
C and O atoms on carbide phase sites, the carbide (in which carbon is combined with a metal) is then 
hydrogenated to CHx monomer. The methylene monomer polymerization is applied to describe the 
mechanism of hydrocarbon chain formation, in other words, surface alkyl species are terminated to 
produce gas phase hydrocarbons. Alkanes are formed through reductive elimination while alkenes are 
produced through ȕ-hydride elimination followed by desorption. It is assumed that hydrocarbons consist 
of n-alkanes and 1-alkenes [6]. Several mechanisms for the water-gas shift reaction on metal oxides were 
accepted in the literature but formate mechanism usually can be assumed for supported catalyst as main 
mechanism to produce carbon dioxide. Rethwisch and Dumesic [22] suggested that the WGS reaction 
over unsupported magnetite proceeds via a direct oxidation mechanism, while all supported iron catalysts 
operate via a mechanism with formate species [10]. The water molecule which is produced on carbide 
phase is absorbed on oxide phase again. The formation of water occurs through sequential hydrogenation 
of oxygenated species on the surface [6]. Symbols “*” and “s” denotes a catalytic site where 
hydrocarbons and oxygenate groups can be formed during FTS and WGS reaction, respectively.  
 
OH*    +    H*   ļ   H2O*    + *                 (13) 
H2O*   ļ H2O (g)   +   *                 (14) 
H2O (g)   +   s ļ H2Os              (15) 
H2Os + s ļ OHs + Hs              (16) 
4.2. Reactor Model 
The experimental data were obtained in a gas-continuous spinning basket reactor operating in the 
integral regime [6]. In order to calculate the surface coverage and the product distribution of the gas phase 
components, the nonlinear algebraic pseudo-steady-state approximation equations Eq. (17) are solved 
simultaneously with the reactor design equations Eq. (18) using a mixed reactor.  
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Where ș is surface coverage of adsorbed species and ĳv,R is the volumetric flow rate of the gas phase at 
reactor conditions, W is the weight of the supported catalyst and P0 and T0 correspond to normal 
conditions at 0.1013 MPa and 273 K.  
The net formation rates of every species, Ri, is obtained by summation of the rates of the elementary 
steps in which these species are involved [6]. The rate of an elementary step is a function of the rate 
constant, the partial pressure of the gas-phase molecules, the surface coverage of the intermediate species 
and the surface vacancy [11]. Rate constant of each elementary step is calculated according to the 
Arrhenius equation. 
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The mass balances of the two types of active sites, carbide and oxide phase are: 
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The total number of algebraic equations to solve is 34, from which are 13 reactor equations and 19 
pseudo-steady-state approximation equations and 2 mass balance equations. By estimating of 
chemisorption enthalpies and calculating of activation energies and solving this set of equations, 
concentration of surface species and product distribution will be found. 
5. Parameter Estimation 
The estimation of the kinetic parameters has been done by the minimization of the objective function 
(Fobj) with respect to mole fractions: 
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Where y'i,h is the observed value of hth response for ith observation (experiment), whereas yi,h represents its 
calculated value; Nexp is the number of observations (experiments), and Nresp is the number of responses 
which is the number of components used in the estimation [23]. 
6. Results and discussion 
As shown in Table.3 the chemisorption enthalpy of H, O and C are necessary in order to calculate the 
molecular chemisorption enthalpies which involved in the Fischer–Tropsch synthesis. Oxide phase 
atomic chemisorption enthalpies was chosen from experimental values as a constant but three carbide 
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phase atomic chemisorption enthalpies remain as adjustable parameters. Several experimental and 
statistical methods have been used to report atomic chemisorption enthalpies in literatures [6, 24].  
Table 3. Chemisorption enthalpies of hydrogen, oxygen and carbon on Fe surface 
M-H (kcal/mol) M-O (kcal/mol) M-C (kcal/mol) 
Estimated From literature a Estimated From literature a Estimated From literature a 
57.99 61.1 142.56 148.6 188.62 193.2 
a. Ref.[24] 
 
As listed in Table 4 atomic chemisorption enthalpies were used to calculate molecular chemisorption 
enthalpies at zero coverage by means of equations which are given in Table 1. In general these values are 
consistent with reported values in literature [23-26]. 
Table 4. Total bond energies (DAB) for calculating heat of adsorption using UBI-QEP formalism. 
Components Gas-phase bond energy, D [kcal/mol]a  
 DAB [kcal/mol] 
 for calculating QAB 
QAB 
[kcal/mol] 
QAB [kcal/mol] 
in literature 
H2 104 104 28.47 - 
CO 257 257 31.96 30.79b 
OH 102 102 72.84 - 
H2O 220 220 20.42 - 
CH 81 81 124.14 135.93c 
CH2 183 183 89.26 96.75c 
CH3 293 293 51.68 59.96
c 
CH4 397 397 21.17 - 
CnH2n+1   (n=2,5) 576-1415.3 у283 §52.86 39.98 ±3.4
d 
CnH2n+2  (n=2,4) 674-1516.77 у381 §21.87 16.24e 
CnH2n     (n=2,5) 538-1382.75 у355 §20.25 15.52
e 
H2          (WGS) 104 104 7.21 - 
CO         (WGS) 257 257 16.94 - 
OH         (WGS) 102 102 68.83 - 
H2O       (WGS) 220 220 19.07 - 
HCOO   (WGS) 384 46 68.93 - 
CO2       (WGS) 385 385 7.66 - 
a. Ref. [11, 12]. 
b. Ref. [27]. 
c. Ref. [28]. 
d. Ref. [29]. 
e. Ref. [6]. 
 
The activation energies for elementary reaction steps were calculated based on the molecular 
chemisorption enthalpies. The Activation energies and pre-exponential factors for all elementary steps 
involved in the formation hydrocarbon compounds based on the carbide mechanism are given in Table 5. 
Formation of alkanes, alkenes and chain growth reactions activation energies are shown in range of 
minimum and maximum values.  
For scanning the models by parameter optimization, several basic physical criteria are applied: the rate 
constants should be positive, all atomic and molecular chemisorption enthalpies also the activation 
energies for the alkanes and alkenes formation should be in the range of values reported by other 
researchers [23]. 
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The pre-exponential factors were calculated based on statistical thermodynamics by Dumesic [4]. The 
accuracy of the UBI-QEP method in estimating the energetic of the elementary reactions on catalyst 
surface is acceptable [6, 11, 23, and 25]. Thermodynamic consistency is guaranteed whereas Enthalpy 
term is inherent in the UBI-QEP formalism. The calculated activation energies to produce n-alkanes and 
1-alkenes are in range of 19.57 to 25.68 and 19.53 to 20.45 kcal/mol respectively. These values are 
similar to n-alkanes and 1-alkenes estimates obtained with Langmuir-Hinshelwood-Hougen-Watson 
(LHHW) models over iron based catalysts, 22.57 [8] and 20.92 [23], respectively. The activation energy 
for methane formation is 49.53kcal/mol, which is smaller than that are estimated for other alkanes 
formation this can be due to the higher selectivity of methane than those of other alkanes [23]. 
The activation energy of alkenes formation is much smaller than that of alkanes, which can explain the 
general fact that the selectivity is much higher to alkenes on the Fe–Cu–K–SiO2 catalysts than on other 
iron-based catalysts [23]. These values were used to obtain the product distributions. Typical distributions 
of the hydrocarbon products are shown in Fig.1. 
Table 5. Activation energies and reaction rate constants for forward and reverse elementary steps used in the microkinetic model 
E
JG
a 
0k
G
b Elementary reactions c E
HJ
a 
0k
H
b 
0.00 101 H2 (g) + 2* ļ H* + H* 11.97 1012 e 
0.00 101 CO (g) + * ļ CO* 31.95 1012 e 
19.48 1013 CO* + * ļ C* + O* 61.7 1013 
42.9 1013 C* + H* ļ CH* + * 1.44 1013 
15.19 1013 CH* + H* ļ CH2* + * 24.32 1013 
10.35 1013 CH2* + H* ļ CH3* + * 24.79 1013 
11.83 1012 e CH3* + H* ļ CH4(g) + 2* 6.16 101 
10.4–12.93 d 1013 CnH2n+1* + CH2* ļ CnH2n+1CH2* + *   (n=1-4) 20.29–22.32 d 1013 
25.68–19.57 d 1012 e CnH2n+1* + H* ļ CnH2n+2(g) + 2*        (n=2-5) 12.84–9.78 d 101 
13.81–11.25 d 1013 CnH2n+1* + * ļ CnH2n* +  H*               (n=2-5) 1.19–3.84 d 1013 
19.53–20.45 d 1012 e CnH2n*  ļ CnH2n(g) +  *                      (n=2-5) 0.00 101 
33.46 1013 O* + H* ļ OH* + * 7.75 1013 
20.41 1012 e H2O* ļ H2O(g) + * 0.00 101 
12.35 1013 OH* + H* ļ H2O* + * 19.93 1013 
0.00 101 H2(g) + 2s  ļ  Hs  +  Hs 25.99 1012 e 
0.00 101 CO (g)  + s  ļ  COs 16.94 1012 e 
19.06 1012 e H2Os      ļ  H2O(g)   +   s 0.00 101
15.09 1013 OHs + Hs  ļ  H2Os +  s 18.33 1013 
2.06 1013 HCOOs   +  s  ļ   CO2s   +  Hs 4.79 1013 
2.72 1013 COs   + OHs  ļ HCOOs  + s 10.87 1013 
7.65 1012 e CO2s    ļ  CO2(g)   +   s 0.00 101 
a. Activation energies in kcal/mol (ɽĺ0) 
b. Pre-exponential factors, Pa-1s-1 for adsorption/desorption reactions and s-1 for surface reactions. 
c. Elementary step reactions for FTS (*) and WGS (s) reaction. 
d. Activation energies are shown in range of minimum and maximum values. 
e. Pre-exponential factors adjusted in range of reported value so as to fit final result. 
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As observed in Fig 1, the fit is reasonably good taking into account the range of experimental conditions 
described. 
 
Fig. 1. n-alkanes and 1-alkenes product distribution (Y) with respect to the carbon number (n) for experiments conditions; a: 
T=5230K, P=1.2 MPa, H2/CO = 0.5, ĳv,0/W =1.0×10-3 Nm3 kg-1s-1, b: T=5230K, P=3.2 MPa, H2/CO=1, ĳv,0/W=1.0×10-3Nm3 kg-1s-1 
[5]. 
By solving algebraic Eq. (17) and Eq. (18), concentrations of surface species were found. Values of 
vacant sites on catalyst surface were estimated almost 10-3. The surface coverage of OH, O, H and C 
which were most abundant species on the catalyst surface are shown in Fig 2 with respect to the space 
velocity. 
 
 
Fig. 2. Calculated surface coverage as a function of space velocity for most abundant species on the catalyst surface at T=5230K, 
P=2.4 MPa, H2/CO=2, ĳv,0/W=0.5-2×10-3Nm3 kg-1s-1 
7. Conclusion 
A carbide mechanism was used for microkinetic study of light products of Fischer- Tropsch synthesis. 
UBI-QEP and TST theories were used to calculate activation energies and pre-exponential factors 
respectively. The model was limited to hydrocarbons with carbon number less than five, also it was 
assumed that H2O was adsorbed molecularly on catalyst surface but this model can be extended to include 
the formation of isomers, higher hydrocarbons and oxygenated compounds. The model can predict 
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satisfying the product distributions which are in common with literatures. However there are some 
simplifications to achieve favorable results, for instance, these calculations were for one temperature and 
pre-exponential factors were assumed to be constant. However application of the microkinetic study with 
the proposed formalism can provide better insight to the analysis of the FTS reaction mechanism. 
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